The mouse insulin-like growth factor II gene (Igf2) is physically linked to the insulin II gene [Ins2) and both are subject to tissue-specific genomic imprinting. The paternal-specific expression of Igf2 has been associated with hypermethylation of some CpG sites in the 5' flanking region and in the body of the gene. As a first step in analyzing the structural features of this imprinted locus, we here report the complete nucleotide sequence of Igf2, including all introns and the intergenic region adjacent to Ins2. This 28-kb segment of mouse chromosome 7 exhibits 80% overall identity with the corresponding rat sequence and has a high GC content of 52%. In addition to the known CpG island within the second Igf2 promoter, another island was identified approximately 2 kb 5' to the first exon. Other features of this locus include a 35-fold tandem repeat of an 11-bp sequence that overlaps Igf2 pseudo-exon 2, and a B2 repeat element in the intergenic region between Ins2 and Igf2. The GC-richness and the presence of CpG islands associated with tandem repeats are common features of imprinted genes and thus may play a role in the imprinting mechanism.
The mouse insulin-like growth factor II gene (Igf2), lo-gene expression or repression by imprinting involves DNA cated on chromosome 7, encodes a 67 amino acid protein methylation 4 and long-range interactions between the that functions principally to stimulate somatic growth genes and their remote regulatory elements. 5~7 We previin the embryo and fetus. Igf2 gene expression is sub-ously reported that CpG sites in two regions of Igf2, one ject to complex developmental, tissue-specific, and epige-located approximately 3 kb 5' to the gene and the other in netic regulation. Of particular interest and importance the 3' part of the gene, are more methylated on the pateris allele-specific expression based on genomic imprinting, nal chromosome than on the maternal chromosome. 8 ' 9 As an epigenetic marking process that occurs in the parental a means to understand the structural basis for differengerm-line. 1 Thus, only the paternally derived allele of Igf2 tial methylation and imprinting, we have determined the is expressed in most tissues, except for the choroid plexus complete primary structure of Igf2 by closing all the gaps and leptomeninges, where both alleles are active. 2 The that had been present in previous work. 10 We also have insulin II gene (Ins2), located 17 kb upstream of Igf2, is determined the DNA sequence of the 5' region of Igf2, also subject to tissue-specific imprinting: only the pater-all the way to the adjacent Ins2 gene. These sequences nal allele is expressed in the yolk sac whereas both alleles cover a 28-kb segment encompassing the entire Igf2 gene are active in the pancreas. 3 and all differentially methylated CpG sites. Based on the Recent studies have suggested that the allele-specific data, we discuss the structural features of this imprinted locus. 10 Four phage clones (designated AINS1-4) that contain Ins2 and overlap with cosIGF4 were newly isolated from a genomic library (129SV strain) in AFIXII (Stratagene, USA). The library was screened by plaque hybridization using a 427-bp PCR product from the Ins2 region as a probe (primers, 5'-AGACCCACCACTACCCAGCCT-3', 5'-GCTCCTAGCTGCCATCACCCA-3'). The regions covered by cosIGF4 and one of the phage clones, AINS1, are schematically shown in Fig. 1 .
The nucleotide sequences of the three promoters, six exons and two pseudo-exons of Igf2 were published previously by Rotwein and Hall 10 (GenBank accession numbers: M36329-36334). To close the gaps in that work, and to establish the primary structure of the Igf2/Ins2 intergenic region, appropriate restriction fragments from cosIGF4 and AINS1 were subcloned into pBluescript II SK(+) or KS(+) and sequenced. Sequencing of the double-stranded plasmid templates was performed using T7 Sequencing Kit (Pharmacia Biotech, Sweden) and [a-35 S]dCTP, or using Dye Primer Cycle Sequencing Kit and ABI PRISM 377 DNA Sequencer (Perkin Elmer, USA). The GC-rich regions of the published sequence were resequenced and errors were corrected accordingly. The regions sequenced in the previous work and those in the present study are indicated in Figure 1 . The combination resulted in a 27795-bp sequence (GenBank accession number: U71085). The most 5' 189-bp of our sequence is identical with the most 3' region of the Ins2 sequence reported by Wentworth et al. 
Primary Structure of The Igf2 Region
Detailed information on the structure of Igf2 obtained in the present study is as follows. Assuming that the most 5' of the multiple transcription start sites of exon 1 is the 5' end of the gene 10 (nucleotide position 16573), the overall length of the gene is 10968 bp. As is already known, Igf2 consists of six exons comprising three overlapping transcription units.
10 Exons 1-3 contain distinct 5' untranslated regions and are transcribed from individual adjacent promoters 1-3, respectively. Each of these exons is spliced onto exon 4.
10 Exons 4-6 encode the 180 amino acid IGF II precursor protein, and the 3' untranslated region of IGF II mRNA. 10 Based on our data, the sizes of the three types of first intron are 5091, 2542 and 1566 bp, respectively. The lengths of the last two introns between exons 4 and 5 and between exons 5 and 6 are 1128 and 244 bp, respectively. Comparisons of the six Igf2 exon sequences including the 5' and 3' untranslated regions with those of the corresponding rat exons 12 reveals that their overall identity is 90%. By contrast, the sequences of the five introns are only 84% identical between the two species.
In the Ins2/Igf2 intergenic region, two pseudo-exons homologous to human IGF2 exons 2 and 3 respectively, have been identified previously. 10 (The human gene contains three extra exons in the upstream region. Transcription of this cassette is regulated by a humanspecific promoter. 13 ) These pseudo-exons are now precisely mapped to positions 8604-8826 and 10682-10915. We were unable to identify a sequence homologous to human exon 1, supporting previous experimental data obtained by blot hybridization. 10 In addition to the CpG island previously identified in the second promoter region, 10 a second island was found at about 2 kb 5' to exon 1, according to the criteria by Gardiner-Garden and Frommer 14 ( Fig. 2) . This intergenic island has a size of about 400 bp and is always free of methylation irrespective of the parental origin. 9 ' 15 A member of an interspersed repetitive sequence family, the B2 family, 16 is located at position 4675-4903, with a duplication of a 15-bp sequence at both ends. A 35-times repetition of a GC-rich consensus sequence, AGGCCTGAGCC, is also present in the pseudo-exon 2 region. This 11-bp sequence appears without substitution ten times and is repeated with one or two substitutions or deletions 25 times (Fig.  3) . When the entire intergenic region is aligned with that of rat so that the maximum matching score of 76% is achieved, a number of gaps are observed in both sequences, indicating that insertions and deletions occurred during speciation. As a result, the intergenic region of the rat locus is about 1.2-kb larger than that of the mouse.
It has been reported that the INS and IGF2 genes of other mammalian species are GC-rich in their coding exons, introns and flanking regions. 17 The average GC content of the 28-kb mouse sequence is 52% (Fig.  1) , which is well above the average GC content of mammalian genomes (approximately 40%). Thus the region has a feature of GC-rich isochores. The overall identity between the 28-kb mouse sequence and the corresponding rat sequence is 80%.
Implications for Imprinting
Imprinted mammalian genes identified to date tend to be localized in GC-rich isochores 17 and are often associated with CpG-rich sequences. 18 The mouse Igf2 region also has these features. Although the two CpG islands of the region are always unmethylated irrespective of the parental origin, 8 ' 9 ' 15 some CpG sites located adjacent to the upstream CpG island are more methylated on the paternal than on the maternal chromosome. (GenBank accession numbers: M36329-36334) and those sequenced in the present study are indicated by bi-directional arrows. The data from the two studies were combined and the resulting 27795-bp sequence was deposited in databases (GenBank accession number: U71085). Exon organization of Ins2 (El-3) and Igf2 (El-6) and locations of the two pseudo-exons of Igf2 {tp\ and V2), a member of the B2 repeat family, a GC-rich repeat and the two CpG islands are schematically shown in the middle.
Below the map, recognition sites for four restriction enzymes are indicated, as are the Hpa II sites that are differentially methylated on the parental chromosomes.
The GC content per 100 bp across the entire region is shown at the bottom. dem repeats may induce local conformational changes of DNA upon CpG methylation and this could lead to the differential transcriptional activity of parental alleles. 18 However, for the other differentially methylated CpG sites located within the body of the gene, no such repeat was found. Although the imprinting of Igf2 may be influenced by the imprinting of the HI 9 gene, as shown by gene knockout experiments, 7 the GC-richness and the existence of a CpG island associated with a tandem repeat may also play a role in the differential methylation and imprinting of Igf2. This notion is also supported by the fact that both the intergenic CpG island and the tandem repeat are conserved in the rat. 12 Rivkin et al. have reported the presence of an antisense RNA transcribed from the mouse Ins2/Ig}2 intergenic region. 19 In fact, multiple transcripts that show imprinted expression patterns are identified in this region (T. M. et al., unpublished). Our preliminary study also suggests the presence of multiple DNase I hypersensitive sites in this intergenic region (ref. 20 and M. Z. et al., unpublished), which in turn implies the presence of gene promoters and/or remote regulatory elements such as enhancers and silencers. Studies are ongoing to finely map and characterize these transcripts and hypersensitive sites.
